The human CST (Ctc1, Stn1 and Ten1) complex binds the telomeric overhang and regulates telomere length by promoting C-strand replication and inhibiting telomerase-dependent G-strand synthesis. Structural and biochemical studies on the human Stn1 and Ten1 complex revealed its mechanism of assembly and nucleic acid binding. However, little is known about the structural organization of the multidomain Ctc1 protein and how each of these domains contribute to telomere length regulation. Here, we report the structure of a central domain of human Ctc1. The structure reveals a canonical OB-fold with the two identified disease mutations (R840W and V871M) contributing to the fold of the protein. In vitro assays suggest that although this domain is not contributing directly to Ctc1's substrate binding properties, it affects full-length Ctc1 localization to telomeres and Stn1-Ten1 binding. Moreover, functional assays show that deletion of the entire OB-fold domain leads to significant increase in telomere length, frequency of internal single G-strands and fragile telomeres. Our findings demonstrate that a previously unknown OB-fold domain contributes to efficient Ctc1 telomere localization and chromosome end maintenance.
INTRODUCTION
Telomeres are the nucleoprotein structures that localize to the ends of eukaryotic chromosomes allowing for the faithful replication and stability of our genome (1) (2) (3) . There are two well-known complexes that bind specifically to the telomeric DNA, namely the shelterin and the CST (Ctc1, Stn1 and Ten1). Shelterin binds single and double stranded telomeric DNA providing chromosome end protection by repressing Ataxia-telangiectasia mutated (ATM)-and Rad3-related (ATR)-dependent DNA damage response that could lead to a host of undesirable effects at the ends of chromosomes (4) .
The CST complex was originally thought to belong exclusively to yeast, but conserved components have been subsequently identified in a wide range of species including plants, vertebrates and humans (5) (6) (7) (8) . Like in yeast, the human CST complex (hCST), composed of hCtc1, hStn1 and hTen1, is essential for the proper capping and maintenance of telomeres (7, 9) . Current evidence shows that the vertebrate and yeast CST (yCST composed of Cdc13, yStn1 and yTen1) localize to telomeres through association with the telomeric overhang (5, 10) . They regulate access of telomerase and DNA polymerase alpha (Pol␣) to the end of chromosomes for G-and C-strand synthesis, respectively (10) (11) (12) (13) (14) (15) (16) and the human complex has been shown to facilitate telomere replication restart after fork stalling (17) (18) (19) .
Saccharomyces cerevisiae Cdc13, considered a Ctc1 homolog, contains four Oligonucleotide/OligosaccharideBinding (OB) folds, which are involved in a wide array of functions, including Cdc13 homo-dimerization, as well as telomerase, Pol␣-primase and single-stranded DNA binding (20) (21) (22) (23) (24) (25) (26) (27) (28) . Despite the similarities between the yeast and human CST complexes, lack of sequence identity between Cdc13 and Ctc1 has made it difficult to predict the fold, domain organization and full function of hCtc1 although preliminary studies predict that Ctc1, like Cdc13, most likely consists of multiple OB-folds (5, 20, 29) .
hCtc1, like Cdc13, forms a stable complex with hStn1-Ten1 and binds single-stranded, telomeric DNA with high affinity and specificity for G-rich sequences (30) . However, unlike Cdc13, there is currently no evidence to suggest that hCtc1 is involved in telomerase recruitment to telomeres (8, (31) (32) (33) . In contrast, hCtc1 has been shown to downregulate telomerase activity via sequestering the telomeric overhang and possibly via its interaction with TPP1 and is currently known as telomerase activity terminator (34) (35) (36) .
Naturally occurring mutations of hCtc1 are associated with the rare genetic disorders aplastic anemia, pulmonary fibrosis, dyskeratosis congenita and Coats plus syndrome (37) (38) (39) (40) (41) . Current evidence suggests that the disease associated mutations are the result of a dysfunctional hCtc1, unable to carry out its DNA, Pol␣ or hStn1-Ten1 binding properties (34, 36) . However, the mechanism of action of these mutations in human disease remains unknown.
To better understand hCtc1 domain organization and function, we sought to identify and express soluble domains of hCtc1 for structural and biochemical studies. Our effort generated a hCtc1 construct consisting of residues 716-880 (hCtc1(OB)). The crystal structure revealed a classical OB-fold with extended surface loops. Biochemical studies showed that this domain is monomeric in solution and does not interact with nucleic acid, Stn1-Ten1 or Pol␣ in vitro. Mutation or deletion of the hCtc1(OB) resulted in telomere replication defects including elongated and fragile telomeres revealing that this domain is critical to hCtc1 function.
MATERIALS AND METHODS

Protein expression and purification
We identified a stable construct of hCtc1, consisting of residues 716-880, using limited proteolysis and mass spectrometry. Limited proteolysis was carried out with the endoproteinase Glu-C (V8 protease -Sigma 10791156001). A hCtc1 fragment consisting of residues 716-938, identified by sequence alignment (Clustal Omega (42)) and secondary structure prediction (PHYRE (43)) was subjected to limited proteolysis with the V8 protease. A total of 15 l of 2 mg/ml protein was treated with 1/100 ratio of V8/hCtc1 at room temperature for 5, 30 and 60 min. The resulting stable band was analyzed by the Wistar mass spectrometry facility and consisted of residues 716-880 (Supplementary Figure S1 ). The wild-type (WT) and mutant (R840W and V871M) hCtc1(OB) were cloned into a pET28b vector containing an N-terminal hexahistidine-pMocr fusion tag, with a flexible linker cleavable by tobacco etch virus (TEV) protease. The hCtc1(OB) construct was overexpressed in Escherichia coli ScarabXpress T7 lac competent cells (Scarab Genomics) at 30
• C for 4 h using 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside; Gold Biotechnology). The cells were harvested by centrifugation and lysed in a buffer containing 25 mM Tris, pH 7.5, 1.0 M KCl, 1.0 M Urea, 5% glycerol, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM benzamidine (Ni Buffer A) via sonication. The protein was then purified over a nickel-nitrilotriacetic acid (Ni-NTA) column and buffer exchanged while on the Ni-NTA column with 25 mM Tris, pH 7.5, 0.2 M KCl and 5% glycerol (Ni Buffer C). The complex was eluted with 300 mM imidazole onto a tandem HS(poros)-HQ(poros) columns (Applied Biosystems) equilibrated with Ni Buffer C. The HS-HQ columns were then detached and the hCtc1(OB) protein was eluted from the HQ column with a salt gradient of 0.2 M KCl to 1.0 M KCl in a buffer also containing 25 mM Tris, pH 7.5, 1 mM dithiothreitol (DTT) and 5% glycerol. The fusion tag was cleaved by TEV protease overnight at 4
• C and both TEV and the fusion tag were removed from the sample by an additional step of Poros-HS and HQ columns equilibrated with 0.15 M KCl, 25 mM Tris, pH 7.5, 1 mM DTT and 5% glyercol. The sample was then concentrated and separated over a Superdex S200 (GE Healthcare), to remove any aggregates, with a buffer containing 0.1 M KCl, 10 mM Tris, pH 7.5, 1mM tris(2-carboxyethyl)phosphine (TCEP) and 5% glycerol.
Protein crystallization and structure determination
Crystallization screening for hCtc1(OB) produced a crystal hit under sitting-drop vapor diffusion and room temperature in a crystallization buffer containing 0.1 M MES, pH 6.0, and 20% w/v poly(ethylene glycol) 2000 mono-methyl ether. The crystals diffracted to 1.86Å in a crystal form that belongs to the P2 1 2 1 2 1 space group. Data were collected at the National Synchrotron Light Source (NSLS) X25 beamline and processed using HKL2000 (44) ( Table 1 ). The crystals contained two hCtc1(OB) molecules in the asymmetric unit. We used the method of single-wavelength anomalous diffractions (SAD) and a mercury derivative crystal to obtain the initial phases (Table 1) . Mercury derivatives were obtained by soaking hCtc1(OB) crystals with mercury chloride (Sigma) for several minutes. The structure was built in Phenix (45) using AutoSolve and refined with Refmac (46) . Building was done in Coot (47) and figures were made in Pymol (http://www.pymol.org). Amino acid conservation was performed by Consurf (http://consurf.tau.ac.il/).
Crosslinking
WT and mutant hCtc1(OB) proteins were diluted to 0.1 mg/ml in a buffer containing 25 mM Hepes, pH 7.5, 0.1 M KCl, 1 mM TCEP and 5% glycerol. Crosslinking was performed by mixing 4 l of 1.5% formaldehyde or 5 l of 2.5% glutaraldehyde in 20 l of protein sample and incubating at room temperature for 90 mins. A total of 5 l of 1.5 M Tris.HCl (pH 8.0) was added to the reaction mix to stop the crosslinking and the samples were then run on a 16% sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel.
Fluorescence polarization (FP) assay
Fluorescence polarization (FP) assays were carried out in 20 l binding reactions in a buffer containing 20 mM Hepes, pH 7.5, 100 mM KCl, 2 mM MgCl2, 1 mM ethylenediaminetetraacetic acid (EDTA), 2 mM DTT, 1 mg/ml bovine serum albumin (BSA), 5% v/v glycerol and 75 nM polyT 50 competitor (IDT). The 12mer DNA probe (TTAGGGTT AGGG) and 18mer DNA probe (TTAGGGTTAGGGTT AGGG) was purchased with a 5 6-FAM label from Integrated DNA Technologies. The final probe concentration used was 2.5 nM, while the hCtc1(OB) protein concentration ranged from 0 to 10 M. Each reaction was performed in triplicate and incubated at room temperature for 30 min, pipetted into a black 384 well optiplate (PerkinElmer) and scanned with an Envision Xcite Multilabel Plate Reader (Perkin Elmer). Each well was excited with 480 nm light and the emissions were measured at 535 nm light. The Envision operating software (PerkinElmer) were used to calculate the milipolarization (mP) values.
Isothermal titration calorimetry (ITC)
Isothermal titration calorimetry (ITC) experiments were performed on a MicroCal iTC200 (Malvern) and proteins were purified and buffer exchanged into a buffer containing 25 mM Hepes, pH 7.5, 0.1 M KCl, 5% glycerol and 1 mM TCEP. The concentration of each protein sample was measured using a Bradford Assay (48). Full-length hStn1 and hStn1C (C-terminal domain of hStn1) was purified as described previously (49) . Full-length hStn1 was used at a concentration of 125 M in the syringe and was injected into a cell containing 25 M of hCtc1(OB). hStn1C was used at a concentration of 100 M (75 l) in the syringe and was injected into a cell containing 10 M (200 l) of hCtc1(OB). For the binding experiments, the calorimeter was kept at 25
• C (298.15 K) and there was a total of 17 injections with the volume of 2.47 l used for each injection.
Size-exclusion chromatography and multi-angle light scattering (SEC-MALS)
Size-exclusion chromatography and multi-angle light scattering (SEC-MALS) experiments were performed in the laboratory of Dr Gideon Dreyfuss and as described previously (50) . A DAWN HELEOS II 18-angle light scattering instrument (Wyatt Technologies) was used in tandem with a Superdex 200 10/300 GL column (GE Healthcare) to calculate the absolute molecular mass at 20
• C in a buffer consisting of 0.1 M KCl, 25 mM Hepes, pH 7.5, 1 mM TCEP, and 5% glycerol. The molecular mass of hCtc1(OB) was monitored by UV at 280 nm (refractive index) as it eluted of the SEC column and molecular mass was measured by MALS. ASTRA software (version 5.2, Wyatt Technologies) was used within the defined chromatographic peaks in order to calculate the average molecular weight.
SYPRO orange assay
WT and mutant hCtc1(OB) proteins were diluted in a buffer consisting of 20 mM HEPES at pH 7.5, 0.15 M KCl, 5% glycerol and 1 mM TCEP-HCl to two final concentrations of 5 M, and 16 M. The protein samples were transferred into a MicroAmp Optical 384 well plate (Applied Biosystems). To each of the protein samples we added 4 l of Sypro Orange (5000 × stock, ThermoFisher Scientific -diluted 1:300). The plate was spun down and heated from 20 to 95
• C using a quantitative polymerase chain reaction (qPCR) (ABI 7900 RealTime PCR) with a 1% ramp rate and fluorescent readings were recorded every 2 min. Data were analyzed and plotted using Microsoft Excel version 15.33.
Differential scanning calorimetry
We further tested the thermostability of the WT and mutant hCtc1(OB) proteins using a MicroCal VP-Capillary DSC Nucleic Acids Research, 2018, Vol. 46, No. 2 975 (Malvern Instruments Ltd). The hCtc1(OB) proteins were diluted in a buffer consisting of 20 mM HEPES at pH 7.5, 0.15 M KCl, 5% glycerol and 1 mM TCEP to a final concentration of 1 mg/ml, and heated from 10 to 90
• C at a scan rate of 60
• C per hour. The thermogram for each protein sample was normalized to the buffer and data analysis was performed using the MicroCal Origin 7.0 software.
Plasmids
We cloned the full length, WT, double mutants (F801A/R840A and L732A/V871A) and deletion 726-876, human Ctc1 (NM 025099.5) into the lentiviral vector pLU-EF1A-iBlast (pLU) with an N-terminal 1× Flag tag using standard cloning procedures while the mutations and deletion where introduced using QuickChange II site-directed mutagenesis kit (Agilent). The sequences of all plasmids were confirmed by DNA sequencing.
Lentivirus production and cell culture
We produced WT and mutant human Ctc1 lentivirus by cotransfecting 293T cells with 12 g of Ctc1 plasmids and the viral packaging vectors PMDG (4 g), pRSV (4 g) and pRRE (4 g). The medium containing lentivirus were harvested at 96 h post-transfection. Human 293T cells were grown in Dulbecco's modified Eagle's medium media supplemented with 10% (vol/vol) fetal bovine serum (Atlanta Biologics Ltd) and 1 mM penicillin-streptomycin. All cells were cultured in a 5% CO 2 incubator at 37
• C. 293T cell lines stably expressing 1× Flag-hCtc1 WT and mutants, were established using lentiviral infection with 2 g/ml polybrene (Sigma). A pLKO.1 vector, with puromycin resistance, carrying the shRNA (TRCN0000330094) targeting the 3 UTR of endogenous hCtc1 (shCtc1) was obtained from the Sigma Mission shRNA library and delivered to the 293T cells with lentiviral infection. The hCtc1 WT and mutant cell lines were maintained with media containing 2 g/ml Puromycin and 5 g/ml blasticidin.
Reverse transcription and quantitative PCR analysis
To test the effectiveness of the shRNA targeting the 3 UTR of endogenous hCtc1, we isolated and quantified the mRNA from cells treated with shRNA. The mRNA was isolated from pelleted cells using TRIzol (Life Technologies) and the RNA was purified using the Direct-zol RNA mini-prep kit (Zymo Research). Reverse transcription PCR was performed using random hexamer primers followed by quantitative PCR using primers targeting the 3 UTR of the hCtc1 gene. The following primer pairs were used to measure hCtc1 and GAPDH mRNA levels after knockdown: hCtc1 (5 GTGATTGAACCAAG GACTCCAGAT 3 and 5 CAGGCTGGCACCAGAACA C3 ); GAPDH (5 ATGGAAATCCCATCACCATCTT3 and 5 CGCCCCACTTGATTTTGG3 ).
Immunoprecipitation and western blotting
For the pulldown assays by immunoprecipitation, we used lysed ∼1 × 10 7 cells expressing Flag-tagged, WT and mutant hCtc1 proteins. Lysing was done in 1ml ice-cold nondenaturation lysis buffer (NDLB) [300 mM NaCl, 20 mM Tris-HCl (pH 7.4), 2 mM EDTA, 1% NP-40, 10% glycerol, 0.5% Sodium deoxycholate, 1 mM PMSF and 1× protease inhibitor cocktail (Sigma)] for 30 min at 4
• C with gentle agitation. The lysates were then centrifuged at 10 000 × g for 10 min at 4
• C and the supernatants were collected. The lysates were precleared with protein G-Sepharose beads for 2 h at 4
• C and inputs were collected prior to immunoprecipitation. The precleared lysates were immunoprecipitated with anti-Flag M2 affinity gel (Sigma) overnight at 4
• C. The next day we centrifuged the lysates at 2000 rpm for 2 min and washed the beads six times with ice-cold NDLB buffer. Immunoprecipitates were eluted with 200 g/ml of 3× flag tag peptide (Sigma) and the input and eluents were electrophoresed on an 8-16% (wt/vol) Tris-Glycine gel (Life Technologies). The gel was transferred to a nitrocellulose membrane (BioRad) and blocked in 5% nonfat dry milk in Tris-buffered saline with 0.05% Tween 20 for 2 h. The membrane was then probed with the primary HRP-conjugated antibodies against Flag (Sigma), Ctc1 (HPA044349, Sigma), Stn1 (HPA037924, Sigma), Ten1 (HPA043486, Sigma) and GAPDH (2118S, Cell Signaling technologies) and visualized by Luminata HRP detection reagent (Millipore). The levels of Stn1 and Ten1 interacting with hCtc1 were calculated (using imageJ) by taking the sum intensity of Stn1+Ten1 and divided by the intensity of hCtc1. The calculated values were then normalized to 1 by dividing with the mutant calculated levels by the WT ones.
Chromatin immunoprecipitation and DotBlot analysis
Crosslink chromatin immunoprecipitation was performed in 293T cell lines stably expressing endogenous or shCtc1 treated, ectopic WT and mutant hCtc1 proteins. The 5 × 10 7 cells were treated with 1% formaldehyde for 20 min for protein-DNA crosslinking and the reaction was stopped with 0.125 M glycine. The cells were lysed with a buffer consisting of 50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton-X, 1 mM PMSF and 1× protease inhibitor cocktail (Sigma) for 10 min at 4
• C with gentle agitation. The lysates were centrifuged at 1350 × g for 5 min at 4
• C and the supernatant was discarded. The pellet further lysed in buffer containing 10 mM Tris-HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1 mM PMSF and 1× protease inhibitor cocktail (Sigma). The lysates were centrifuged at 1350 × g for 5 min at 4
• C and the supernatant was discarded. The resulting pellet was resuspended in lysis buffer containing 10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Sodium deoxycholate, 0.5% Sodium laurysarcosine 1 mM PMSF and 1× protease inhibitor cocktail (Sigma) and sonicated to yield DNA fragments of between 200 and 500 bp in length. A total of 1/10 volume of 10% triton-X was added to the sonicated lysate and centrifuged at 20000 × g for 10 min at 4
• C to pellet the debris. The supernatants were precleared with 25 l of Protein A and 25 l of protein G beads along with 2.5 g of bacterial DNA for 2 h at 4
• C. Flag-M2 (Sigma) and mouse IgG (Sigma) antibodies were added to the precleared lysates and incubated overnight at 4
• C with rotation. We then added 25 l of Protein A and 25 l of protein G beads along with 2.5 g of bacterial DNA and incubated at 4
• C with rotation for 2 h. We pelleted the beads by spinning at 2000 rpm for 2 min at 4
• C and the supernatant was carefully removed. We washed the beads five times with RIPA buffer containing 50 mM HEPES-KOH, pH 7.5, 500 mM LiCl, 1 mM EDTA, 1% NP-40, 0.7% Sodium deoxycholate, 1 mM PMSF and 1× protease inhibitor cocktail. We then resuspended the beads in 150 l of elution buffer containing TrisHCl, pH 8.0, 1% SDS and 10 mM EDTA, vortexed and incubated at 65
• C for 15 min. The eluents were collected and decrosslinked overnight at 65
• C with final concentration of 200 mM NaCl. The samples were then treated with RNAse A and proteinase K and the DNA was purified using the QIAquick PCR purification kit (Qiagen). We subsequently performed dot blot experiments and probed the membrane with a 32 P-labeled probe (CCCATT) 4 in Church buffer (0.5 N Na-phosphate, pH 7.2, 7% SDS, 1 mM EDTA, 1% BSA) overnight at 42
• C. The blot was washed twice, at room temperature for 5 min, with 0.2 M buffer containing 0.2 N Naphosphate, 2% SDS and 1 mM EDTA, and once with 0.1 M buffer of 0.1 N Na-phosphate, 2% SDS and 1 mM EDTA at 50
• C. Radioactive signals were detected by phosphorimager (GE Healthcare), and visualized with a Typhoon 9410 Imager (GE Healthcare). The images were quantified with ImagQuant 5.2 software (Molecular Dynamics).
Telomere length assay and Southern blotting
For the Southern blot assays, we first isolated the genomic DNA from 293T cells stably expressing the WT and mutant 1× Flag-Ctc1 at four different passages (0, 3, 6 and 9) using the QIAamp DNA mini kit (Qiagen). All cell lines carried the shRNA targeting the 3 UTR of the endogenous hCtc1. To isolate the telomeric DNA, we treated 10 g of genomic DNA with the restriction endonucleases AluI and MboI overnight at 37
• C. A total of 2 g of the digested DNA were run on a 0.7% agarose gel. After electrophoresis the DNA was denatured by incubating the gel for 20 min in 0.25 N HCl followed by 2 × 20 min in 0.8 M NaOH, 150 mM NaCl and by incubation in neutralization buffer 0.5 M Tris.HCl, pH 7.5, 3 M NaCl. The gel was then transferred to a GeneScreen Plus blotting membrane (Perkin-Elmer) in the presence of 20 × saline-sodium citrate (SSC) buffer (3 M NaCl and 0.3 M Sodium Citrate pH 7) and was left to incubate overnight for the DNA transfer to occur. The DNA was UV cross-linked onto the membrane at 1250 eV using the UV Stratalinker 2400 (Stratagene). The blot was hybridized with a 32 P-labeled probe containing the telomeric oligonucleotide (TTAGGG) 4 in Church buffer (0.5 N Na-phosphate, pH 7.2, 7% SDS, 1 mM EDTA, 1% BSA) overnight at 42
• C. The blot was washed twice at room temperature for 5 min with 0.2 M buffer containing 0.2 N Naphosphate, 2% SDS, and 1 mM EDTA and once with 0.1M buffer of 0.1 N Na-phosphate, 2% SDS and 1 mM EDTA at 50
• C. Radioactive signals were detected by phosphorimager (GE Healthcare), and visualized with a Typhoon 9410 Imager (GE Healthcare). The data were analyzed using TeloTool version 1.3 (Matlab) (51).
Metaphase telomere FISH
We cultured 293T cells expressing WT and mutant Ctc1 with fresh medium for 24 h prior to metaphase arrest. The 0.1 g/ml colcemid (Gibco) was added for 4 h to arrest • C. Cells were immediately fixed by adding 10 ml fresh 3:1 methanol/acetic acid dropwise three times. Fixed cells were dropped onto cold wet glass microscope slides, and dried overnight in a humid environment. Metaphase chromosome spreads were fixed in 4% formaldehyde in 1 × phosphate-buffered saline (PBS) for 3 min, treated with 1 mg/ml pepsin for 10 min at 37
• C, dehydrated in 70, 95, 100% (vol/vol) ethanol successively and air-dried. Slides were denatured for 5 min at 80
• C in hybridization mix (10 mM Tris-HCl (pH 7.2), 70% formamide and 0.5% blocking solution (Roche)) containing the telomeric PNA-Tamra-(TTACCC) 3 probe. The slide was then put in a dark, humid chamber at room temperature for 2 h to allow the probe to hybridize to the telomeric DNA. After hybridization, slides were washed twice for 15 min each with buffer containing 10 mM Tris-HCl (pH 7.2), 70% formamide and 0.1% BSA and three times for 5 min each with buffer consisting of 0.15 M NaCl, 0.1 M Tris-HCl (pH 7.2) and 0.08% Tween-20. Chromosomal DNA was counterstained with 0.1 g/ml DAPI in 1 × PBS for 5 min and slides were mounted with Fluoromount-G (Southern Biotech). Images were taken with a 100 × lens on a Nikon E600 Upright Microscope (Nikon Instruments) using ImagePro Plus software (Media Cybernetics) for image processing. Statistical analysis was performed using two-tailed unpaired t-test.
Telomeric overhang analysis
Telomeric overhang analysis was performed by nondenaturing in-gel hybridization as described (Feng X et al. (13) ) with minor modifications. Briefly, genomic DNA was purified by genomic DNA purification kit (Promega) and 20 g of purified genomic DNA was treated with 100U Exo I (New England Biolabs) in Exonuclease I reaction buffer containing 67 mM Glycine-KOH, 6.7 mM MgCl 2 , 10 mM ␤-mercaptoethanol for 48 h at 37
• C. A total of 15 g of Exo I treated and untreated genomic DNA was then digested with 15U of AluI and MboI restriction endonucleases (New England Biolabs) overnight at 37
• C, and purified by phenol-chloroform extraction. A total of 15 g of Exo I-treated and untreated samples were run on a 0.7% agarose gel. The gel was dried at 28
• C by a vacuum gel dryer (BioRad). The dried gel was hybridized with a 32 Plabeled (5 -CCCTAA-3 ) 4 probe in Church buffer overnight and at 42
• C. The gel was then washed twice with 0.2 N Naphosphate, 2% SDS and 1 mM EDTA buffer at room temperature for 5 min each and once for 5 min with 0.1 N Naphosphate, 2% SDS and 1 mM EDTA buffer at 42
• C. For the detection of the telomeric overhangs, radioactive signals were detected by phosphor-imager (GE Healthcare) and visualized with a Typhoon 9410 Imager (GE Healthcare). To re-probe the blot for total telomeric DNA signals, the gel was denatured in alkaline solution (0.5 M NaOH, 0.15 M NaCl) twice for 30 min each at 42
• C, neutralized in neutralization solution (0.5M Tris-HCl (pH 7.5), 3M NaCl) twice for 20 min each at 42
• C and hybridized with a 32 Plabeled (5 -CCCTAA-3 ) 4 probe as described above. The images were quantified with ImagQuant 5.2 software (Molecular Dynamics).
RESULTS
Structure of the human hCtc1(OB)
We used limited proteolysis and mass spectrometry to identify a soluble domain of hCtc1 spanning residues 716-880 (hCtc1(OB)) ( Figure 1A and Supplementary Figure S1) . We solved the hCtc1(OB) crystal structure to 1.86Å resolution using a mercury chloride derivative and the method of SAD ( Table 1 ). The hCtc1(OB) adopts a canonical OB-fold that is structurally similar to the DNA-binding domain A of Ustilago maydis RPA70 (52) (PDB ID: 4GOP -RMSD 2.8Å).
However, unlike the RPA70 OB fold, the hCtc1(OB) does not contain a defined canonical DNA binding pocket and the residues located in this region of the OB fold are not conserved (Supplementary Figure S2 ). An interesting feature of hCtc1(OB) is three unusually long loops located on the surface of the protein consisting of amino acids 745-759 (loop 1), 777-795 (loop 2) and 824-849 (loop 3) ( Figure 1C) . Sequence alignment indicates that these three loops comprise non-conserved regions of the protein and their precise function in hCtc1 is currently unclear (Figure 1B) .
Interestingly, two naturally occurring mutations (R840W and V871M) implicated in the rare genetic disorders dyskeratosis congenita and Coats plus are located within this hCtc1(OB). R840 comprises part of loop 3 and is solvent exposed. Although the guanidinium portion of this side chain is not involved in direct contacts with the rest of the protein the aliphatic portion is sandwiched by the hydrophobic side chains of F746 and P749 that form part of loop 1 and F801 that comprises part of the core of the protein. V871 on the other hand is located at the very C-terminus of the OB fold and comprises part of helix ␣2. The side chain of V871 is buried within the protein fold and is involved in extensive interactions with the side chains of L732 and P784.
The hCtc1(OB) is not involved in substrate binding in vitro
Interestingly, the OB2 of Cdc13, the closest homolog of hCtc1, also contains extensive loops on its surface which are involved in Cdc13 dimerization (26) . To determine if the hCtc1(OB) is involved in hCtc1 dimerization we first performed multi-angle light scattering (SEC-MALS) experiments with the purified hCtc1(OB). The results indicate that this domain of hCtc1 is monomeric in solution (Figure 2A and B).
To further understand the function of hCtc1(OB) we asked if this portion of hCtc1 is involved in telomeric DNA binding, a known substrate of hCtc1. To address this question, we performed fluorescent polarization (FP) assays using the purified hCtc1(OB) with a fluorescent labeled DNA probe consisting of two or three telomeric repeats. The results indicate that this domain of hCtc1 does not bind telomeric DNA by itself, even at 10 M concentration (Figure 2C) .
We then asked if the hCtc1(OB) binds the Stn1-Ten1 complex, the two interacting partners of hCtc1 that together form the CST complex. To address this question, we performed ITC experiments of the purified hCtc1(OB) with the hStn1-Ten1 complex. The data indicates that the hCtc1(OB) does not bind the hStn1-Ten1 complex ( Figure  2D ).
hCtc1(OB) disease mutations contribute to the stability of the OB fold
To assess the effect of the hCtc1 naturally occurring mutations R840W and V871M in the stability of the proteins we performed thermal denaturation experiments. The WT and mutant proteins were expressed and purified to homogeneity ( Figure 3A ) and the stability of the protein samples was tested using the SYPRO ® Orange assay and differential scanning calorimetry (DSC) (Molecular Probes by A and B) qRT-PCR and western blot analysis of endogenous hCtc1 mRNA and protein levels, respectively, in 293T after shRNA knockdown. For qRT-PCR, results are the average of three independent experiments. Standard deviations are shown in the form of error bars; ***P < 0.0001 (calculated by two-tailed paired Student's t-test). (C) Immunoprecipitation of hCtc1 stable cell lines established from 293T. Flag-tagged hCtc1 were isolated by flag beads and assayed by western blotting. Antibody for hCtc1 was used to detect the full-length hCtc1, hCtc1-(F801A/R840A), hCtc1-(L732A/V871A) and hCtc1-(Del726-876). GAPDH was used as the input control. (D) Bar graph showing the relative protein levels of Stn1-Ten1 complex pulled down by the full length, WT and mutant (double and deletion) hCtc1. Results are the average of three independent experiments. *P < 0.05 (calculated by two-tailed paired Student's t-test). (E) Telomere localization of full length, WT and mutant (double and deletion) hCtc1 using crosslinking ChIP experiments in 293T cells expressing these proteins. ChIP DNA was assayed by dot blotting and hybridization with 32 P-labeled probed specific for TTAGGG. (F) Bar graph showing the relative levels of full length, WT and mutant (double and deletion) hCtc1 proteins at telomeres. Results are the average of three independent experiments. *P < 0.05, **P < 0.001 (calculated by two-tailed paired Student's t-test).
Life Technologies). The results clearly show that the melting temperature (T m ) of both mutants is higher than that of the WT protein ( Figure 3B and Supplementary Figure S3 ). The T m s for the WT and mutant hCtc1(OB) R840W and V871M are 54.8, 56.1 and 55.3
• C respectively ( Figure 3C and Supplementary Figure S3 ).
Immunoprecipitation analysis of hCtc1 in mammalian cells
To investigate the contribution of the hCtc1(OB) in living cells, we generated mammalian lentivirus expression vectors (pLU; EF-1 alpha -Takara) with Flag-tagged hCtc1 containing either full-length WT hCtc1 or hCtc1 with the hCtc1(OB) ( 726-876) deletion. We also generated double alanine mutations at F801A/R840A and L732A/V871A to characterize naturally occurring mutations, but designed to accentuate their otherwise subtle phenotypes (34) . The nondisease mutations F801A and L732A were selected using the crystal structure based on their proximity to the disease mutations R840A and V871A ( Figure 1D and E). WT and mutant Flag-hCtc1 genes and an shRNA targeting the 3 UTR region of hCtc1 were introduced into 293T cells by lentivirus transduction. The levels of endogenous hCtc1 were reduced by 80% by the shRNA targeting the 3 UTR region of the gene ( Figure 4A and B) . qRT-PCR and western blot assays show a significant decrease (∼80%) in endogenous hCtc1 mRNA ( Figure 4A ) and protein ( Figure 4B ) following knockdown. Flag-IP assays using the ectopic WT and double mutant, Flag-hCtc1 successfully pull downs its interacting partners Stn1 and Ten1, while the deletion mutant shows a 20% decrease in Stn1-Ten1 binding ( Figure 4C and D).
The hCtc1(OB) contributes to full length hCtc1 localization to telomeres
We also examined the ability of full-length hCtc1 to bind telomeric DNA. To address this question, we used crosslink chromatin immunoprecipitation assays in 293T cell lines stably expressing endogenous or shCtc1 treated, ectopic WT and mutant hCtc1 proteins. Protein-DNA crosslinking was achieved by 1% formaldehyde treatment of the cells. The crosslinked cells were gently lysed twice and the resulting pellet was sonicated to yield DNA fragments of between 200 and 500 bp in length. The substrates were isolated with Flag-M2 (Sigma) and mouse IgG (Sigma) antibodies and Protein A and G beads incubation. The de-crosslinked samples were treated with RNAse A and proteinase K and the DNA was purified. Dot blot experiments performed in triplicate clearly show a decrease in the localization of full length hCtc1 double mutants and the hCtc1(OB) deletion compared to the WT protein ( Figure 4E and F) .
The hCtc1(OB) contributes to Ctc1-dependent telomere length regulation
We next assessed telomere length in 293T cells with endogenous hCtc1 knockdown that are stably expressing hCtc1 WT, F801A/R840A, L732A/V871A and 726-876 (Figure 4A and B) . We used Southern blot analysis of telomeric restriction fragment probed with G-rich telomere repeat sequence (TTAGGG) 4 and found no consistent alterations in cells that express the vector, the WT and double mutants (F801A/R840A and L732A/R871A) after nine population doublings. However, we found that the hCtc1 knockdown and the 726-876 mutant produced a consistent increase in telomere repeat length after nine population doublings ( Figure 5 ).
hCtc1(OB) contributes to hCtc1 dependent C-strand synthesis
hCtc1 has been implicated in both telomeric DNA replication and single-strand DNA protection. To understand the role of the hCtc1(OB) in either of these two functions of hCtc1, we examined the sensitivity of telomeric DNA to exonuclease I (ExoI) in gels hybridized either under denaturing or native conditions ( Figure 6A and B) . Comparison of the telomere signal intensity between these two conditions was used to distinguish between the relative abundance of single-stranded regions at the termini (ExoI sensitive) or internal single stranded DNA stretches (ExoI resistance). The native gel shows an increase in telomeric G-overhang length in shCtc1 knockdown and hCtc1 deletion ( 726-876) mutation. The gel also shows that the cells with the deletion ( 726-876) are enriched (∼2.0-fold) for ExoI resistant single-stranded telomeric DNA relative to WT control ( Figure 6A ). These findings suggest that hCtc1(OB) deletion accumulates internal single-stranded telomeric DNA consistent with defective DNA replication at telomeres.
hCtc1(OB) is required for telomere integrity
The effect of hCtc1(OB) mutations in telomere integrity was next assessed by microscopy of metaphase chromosome spreads combined with telomere DNA FISH ( Figure 7A and B). Using the same cell lines as those used for the Southern blot analysis, we found that the vector (pLU) and WT hCtc1 did not show any evidence of gross telomere defects, such as fusions, telomere signal loss or endo-duplicated fragile sites in metaphase FISH. However, we observed significant increase in missing telomere signal for the double mutants F801A/R840A (∼3-fold) and L7823A/R871A (∼5-fold) and significant (∼2-fold) increase in fragile sites in 726-876. The shRNA knockdown shows a significant increase in chromosome fusions (5-fold increase compared to WT hCtc1). 
DISCUSSION
Here, we present the structure of a central domain of hCtc1 (Figure 1 ) identified by limited proteolysis (Supplementary Figure S1) . The structure reveals a canonical OB-fold with unusual long loops on its surface. Interestingly, hCtc1(OB) does not contain a defined canonical substrate binding pocket and the residues that form this pocket are variable (Supplementary Figure S2) . It is therefore not surprising that extensive biochemical studies show that this domain of hCtc1 is not directly involved in known substrate binding (DNA or Stn1-Ten1) in vitro, consistent with what has been previously reported (34) (Figure 2C and D) . We also find no biochemical evidence that it is involved in hCtc1 dimerization (Figure 2A and B) , a property of its yeast homolog Cdc13 (25) (26) (27) (28) 33) .
Two naturally occurring hCtc1 mutations, R840W and V871M, are implicated in the genetic disorder Coats plus and are found within the hCtc1(OB) (36, 37) . Interestingly, both of these mutations are buried within the OB-fold and most likely affect the stability of the hCtc1(OB) protein. WT and mutant proteins subjected to DSC show that the mutant proteins are more stable (R840W -56.1
• C and V871M -55.3
• C) than the WT (54.8
• C) protein (Figure 3 and Supplementary Figure S3 ). Although the temperature changes, and in particular for mutant V871A, are subtle, in the context of a disease the onset of which may occur over a long period of time, the observed subtle changes in T m for these mutants may be significant. The DSC results can be explained in the context of the structure. R840 is located on the surface of the protein and the aliphatic portion of this arginine is involved in contacts with F746 and P749 that form part of loop1 ( Figure 1C and  D) . Introduction of the larger hydrophobic tryptophan side chain (R840W) to this position of the OB-fold would increase the contacts of this residue with the hydrophobic side chains of F746 and P749, thus increasing the stability of the protein. Similarly, V871 comprises part of the C-terminal helix of hCtc1(OB). V871 makes extensive hydrophobic interactions with the side chains of L732 and P784 and is important for the structural organization of this region of the protein. Replacement of the small, branched valine side chain with the larger hydrophobic methionine (V871M), would increase contacts with the surrounding residues and promote stability. Moreover, the introduction of the larger methionine side chain in V871M would most likely perturb the position of the C-terminal helix of the OB fold. Pertur- bation of the C-terminal helix may have significant consequences in the context of the full-length protein and therefore the onset of bone marrow failure syndromes associated with this mutation.
To investigate the effect of the disease mutations in cells we generated cell lines stably expressing full length, ectopic, WT, double and deletion (F801A/R840A and L7823A/R871A, 726-876) hCtc1 and in an endogenous hCtc1 knockdown background, which eliminates ∼80% of the endogenous hCtc1 ( Figure 4A and B) . Pull-down assays clearly show that the double mutants interact efficiently with their interacting partners Stn1 and Ten1 ( Figure 4C and D) suggesting that these mutations do not alter the ability of mutant hCtc1 to form the trimeric CST complex. However, the deletion mutant shows only an 80% efficiency in Stn1-Ten1 binding ( Figure 4C and D) , clearly suggesting a role of this domain is efficient CST assembly.
Moreover, ChIP assays show a reduction in the levels of full-length, hCtc1 at telomeres for the double and deletion mutants, suggesting an indirect role of hCtc1(OB) in fulllength hCtc1 telomere localization ( Figure 4E and F) . In addition, Southern blot and ExoI analysis clearly indicate an increase in telomere length for the hCtc1 knockdown and deletion mutant (Figures 5 and 6 ). These data suggest a role of this domain of hCtc1 in regulation of telomerase access to the telomeric overhang consistent with reports of CST as a terminator of telomerase activity. Moreover, ExoI digest shows a 2-fold increase for the deletion hCtc1 mutant in internal, single stranded, telomeric DNA compared to the WT protein. The data suggest the presence of replication stress for the deletion mutant ( Figure 6A and B) and therefore a role for the hCtc1(OB) in Pol␣ recruitment to telomeres and C-strand synthesis consistent with what has been previously reported (34) .
Although we observe loss of telomere localization for the mutant and deletion hCtc1 proteins ( Figure 4E and F) , we only see a defect in telomere length regulation for the deletion mutant ( Figure 5A and B) . This could be explained by the fact that only the deletion mutant is partially defective of CST assembly (efficient hCtc1 binding to Stn1-Ten1 - Figure 4C and D) and telomere length regulation. A defective CST complex, unable to efficiently inhibit telomerase dependent telomere replication and efficient recruitment of Pol␣ to telomeres leads to telomere defects associated with missing telomere signal, fragile telomeres and chromosome fusions ( Figure 7) . Research, 2018, Vol. 46, No. 2 983 Taken together our structural and biochemical data suggest that the hCtc1(OB) is not involved in direct substrate binding, but plays a critical role in the structural and domain organization of the protein. While we cannot rule out the possibility that this domain may contribute to DNA binding in the context of the full-length protein in vivo, lack of conserved substrate binding amino acids argues that this domain does not contact DNA. We therefore suggest that the naturally occurring, disease mutations, located within the hCtc1(OB) alter the structural properties of the domain and most likely alter the structural and functional properties of the full-length protein. Although the effects of these mutations are subtle over the period of nine populations doublings, in the context of bone marrow syndromes, the onset of which may occur over a long period of time, these subtle changes may be highly significant leading to disease. These studies corroborate the role of hCtc1 in telomere length regulation and DNA replication, and further reveal the diverse roles of OB-fold domains in genome maintenance.
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